Abstract. The paper reports on wind tunnel experiments with an elastically suspended circular cylinder vibrating under the excitation of natural wind of high turbulence degree. The natural wind turbulence was simulated by superposing the low frequency part of the natural wind turbulence on the background high frequency turbulence of the wind tunnel flow. This was done by controlling the propeller rotation speed according to an artificially generated low frequency speed sample function drawn from a suitable random process model.
Introduction
In a wide range of the Reynolds number a fixed circular cylinder placed in a homogeneous wind velocity field will generate vortex shedding of a frequency approximately proportional to the far field wind velocity. However, if the cylinder is elastically suspended and free to vibrate, resonance will occur when the vortex shedding frequency becomes close to an eigenfrequency of the cylinder. This vibration causes a feedback to the velocity field such that the vortex shedding frequency becomes "locked in" at the considered eigenfrequency within a rather wide interval of the wind velocity (Sarpkaya 1979) .
To be more specific, consider a vibrating mechanical system consisting of a rigid elastically supported circular cylinder of diameter D placed in a wind stream of undisturbed velocity U in the direction orthogonal to the cylinder axis. The natural frequencies f i for the movements in the plane orthogonal to the mean wind velocity vector are assumed to be well separated. In the considered range of the Reynolds number vortices are shed alternately from the two across wind sides of the cylinder with frequency f s . In the absence of appreciable interaction between the movement of the cylinder and the behavior of its wake, the shedding is characterized by an approximately constant Strouhal number S = Df s /U . For a circular cylinder S is about 0.2.
This description is only valid for a completely fixed cylinder. For a vibrating elastic system the influence of the interaction depends on the proximity of the Strouhal frequency f s to a natural frequency of the elastically suspended cylinder. Over a certain range of wind velocities where the difference between these two frequencies is suitably small, the periodicity of the velocity in the wake is locked to the movement of the cylinder. The shedding frequency abruptly deviates from the linear Strouhal dependence and stays constant at the natural frequency of the cylinder.
Several experimental studies of this complicated lock-in phenomenon are reported. Of obvious reasons most of these concentrate on exploring the qualitative and quantitative deterministic features of the phenomenon in experiments with low turbulence degrees. An early fundamental work (Feng 1968 ) on freely vibrating small cylinders refers to some contemporary experimental investigations on nonfixed cylinders [Bishop and Hassan (forced vibrations in water flow) (1964) , Heine (1964) , Ferguson (1965) , Koopman (1967) ]. These experiments were all made on rigid elastically suspended cylinders. Measurements on flexible slender cylinders in air flow are reported in (Brika & Laneville 1993 ) that contains careful comparisons with Feng's free vibration results, Bishop and Hassan's forced vibration results, and with flow visualization results byÖngören and Rockwell (1988) and by Williamson and Roshko (1988) both obtained by forced vibrations in constant velocity water flow. In all these experiments the degree of turbulence was kept low to avoid disturbing stochasticity effects.
Goswami et al. have made wind tunnel experiments on free vortex-induced cylinder vibrations where the turbulence degree was not limited to a very low level (Goswami, Scanlan & Jones 1993) . These experiments show that the turbulence triggers unstable or nearly unstable flow situations to change to more stable flows. Thus several finer phenomena observed in the low turbulence experiments become almost unreproducable by will in the presence of turbulence. Also irregular amplitude variations of stochastic process nature are observed during otherwise stationary conditions.
Aiming at fatigue damage evaluations the purpose of the experiments reported herein was not to make further studies of the deterministic behavior of the cylinder vibrations, but to get empirical information on their stochastic behavior in the form of probability distributions when the cylinder is subject to a highly turbulent wind flow as typical for the natural wind. As we should expect from the reported investigations of the deterministic behavior, our experiments show that the position and width of the lock-in range depends on whether the wind velocity increases or decreases during the experiment. Therefore a considerable stochastic intermittence effect from the low frequency part of the natural wind turbulence should be expected to come from this deterministic mechanism. On top of the stochastic effect of the low frequency variation the high frequency component of the turbulence by their triggering effects causes random fluctuations of the lock-in range boundaries and the vibration amplitudes such as observed in the experiments of Goswami et al. In the natural wind the degree of turbulence is considerably larger than that created by passive means in a small size wind tunnel. However, the wind velocity variation in the undisturbed natural wind directly upstream to the cylinder may be separated into a sum of a moving average over a suitable time window and a corresponding residual process of faster fluctuations. The moving average variation can be artificially simulated as a realization of some random process chosen from a suitable family of random processes on the basis of studies of the natural wind. Under the hypothesis that the residual process can be replaced by the naturally generated background turbulence in the wind tunnel, the natural wind situation directly upstream to the cylinder can be simulated by controlling the rotation speed of the propeller to deliver a specified moving average wind speed variation as it is generated by a computer.
The standard deviation of the resulting "natural wind" velocity fluctuations can be considerably larger than the width of the lock-in intervals. Therefore the local wind velocity will randomly pass in and out of the lock-in intervals. These random visits to the lock-in intervals cause vibration outbursts that per time unit may cause much more accumulated structural fatigue damage at "hot spots" than accumulated per time unit from the random non-resonant background vibrations. Therefore it is of interest to formulate an operational stochastic model that with sufficient accuracy quantitatively represents the damaging effects of these intermittent vibration outbursts.
This paper reports on such a stochastic model generalized from a model formulated by the second author (Ditlevsen 1985) . The generalization is based on measured data from the wind tunnel experiment with simulated natural wind. The experimental work was made by the first author. Moreover, it is described in the paper how the model can be used to simulate a realization of the accumulated Palmgren-Miner fatigue damage when given a simulated realization of the upstream wind velocity. Thus the mean damage per time unit can be estimated for each wind state. Consequently a total mean damage rate can be obtained by integration over all wind states assuming their frequency of occurrence to be known. This is an idealized phenomenological description of the lock-in. A solution based on the theory of aerodynamic is not yet available. However, for engineering fatigue analysis a simple wind velocity interval model as described herein may by sufficient.
Experimental set-up
The experiments reported herein were made in a pressure wind tunnel of length 11.6 m from tunnel contraction and to the model and approximately 2 m from the model to the tunnel discharge. The dimension of the test section was 1.75 m width and 1.53 m height. The model was a circular plexiglas cylinder with an outer diameter 0.20 m, length 1.65 m between the circular plates and a total length of 2.28 m. The mass of the oscillating system (cylinder, tubes, wires, transducers and added mass from the springs) was 16.0 kg. The cylinder was mounted with 4 springs allowing the model to oscillate in the vertical direction orthogonal to the mean wind velocity vector. There was no arrangement to eliminate the along wind vibrations, but because the load fluctuations in this direction were very small, these vibrations have been neglected. A drawing of the experimental set-up is shown in Fig. 1 .
The experiments were made by a set of springs with stiffness 3.2 N/mm. Additional mechanical damping in the system was provided by permanent magnets. Aluminum plates, 3 mm thick and 60 mm wide, located between the poles of the magnets, were attached to the ends of a rod mounted directly on the plexiglas cylinder. In phase with the vibrations of the cylinder the aluminum plates move between the poles of the permanent magnets. Thereby eddy currents were induced on the plate surfaces. The integrated effect of such eddy currents is a magnetomotive force proportional to and directed opposite to the cylinder velocity, providing viscous damping to the system. The magnitude of this damping force was controlled by the size of the gap between the magnetic poles.
For comparison the cylinder diameter in the experiments by Goswami et al. is about four times as small (50.8 mm) as the diameter 200 mm used in the present experiments. Goswami et al. used a mass and a spring stiffness that together make the Reynolds number as low as 5000 to 6500 at the resonance velocity U 1 while the Reynolds number is about 66000 in the present experiments. Both ranges of the Reynolds number are contained in the subcritical domain, but for the present experiments it is close to the upper subcritical domain limit of about 10 5 . The amplitude and accelerations of the cylinder were measured by 2 accelerometers placed at the cylinder ends. The wind velocity was measured by a hot-wire anemometer probe placed 1.0 m in front of the cylinder. Another probe was placed 1 diameter under and 2 diameters downstream to the cylinder to reflect the typical velocity behavior in the near wake and to measure the vortex shedding frequency. The lift force at one or more positions along the cylinder can be calculated by integration of the signal from at most 24 pressures take-outs placed equidistantly around the cylinder Right: standard deviation for the derivative of the filtered velocity process that corresponds to the cut of frequency.
perimeter. The variation of this force also reflects the vortex shedding frequency. The data were sampled digitally at 200 Hz and stored electronically. All measurements were made on the same suspended cylinder. The lowest natural frequency was f 1 =4.43 Hz. The background turbulence intensity measured during the experiments was approximately 2.5%-3.0%. However, as explained in the introduction, the background turbulence was superposed by a randomly varying wind velocity obtained by varying the propeller rotation speed in accordance with a computer generated realization of the low frequency part of the turbulence in the natural wind. Even though such simulated wind is not a completely representative wind tunnel modeling of the natural wind, it can be argued that this experimental method is applicable for the considered engineering problem of fatigue accumulation. In fact, it is the vortex shedding frequency that determines the occurrence of lock-in. Less important for the lock-in is the wind velocity fluctuations of more or less energy distributed over the wide range of frequencies in the natural wind spectrum. The stochastic variations of the positions and the widths of the lock-in intervals are much dependent on the short term random mean wind velocity variation as it results from filtering away the high frequency range of the wind spectrum to which the direct cylinder response is less sensitive. The high frequency part of the excitation has only an indirect influence on the vibration response by its effect of reducing the lift force correlation length along the cylinder. In a turbulent wind field like the natural wind, the correlation length is about 2.5D to 10D, depending on the damping ratio and the amplitude (Simiu & Scanlan 1996) .
Empirical support for these assumptions is the observation made in the wind tunnel experiments that the maximum velocity increment per time unit that causes a noticeable change in the cylinder amplitude is about 0.2 m/s 2 for a structural damping δ s ≈ 2.0%, the Strouhal number S ≈ 0.18 and f 1 = 4.43 Hz. By cutting off the upper part of the velocity spectrum Ω U (ω) at the angular frequency ω 0 , Fig. 2 (left), a spectrum of a low pass filtered velocity process is obtained. The rate of change of the filtered velocity then gets the variance Fig. 2 (right) shows the corresponding standard deviation as a function of the cut off frequency f = ω 0 /2π. If the standard deviation is chosen to be of the same size as the above introduced empirical velocity increment 0.2 m/s 2 per time unit, it is seen that the cut off frequency ω 0 is about 0.1 Hz. For low frequencies the coherency of the wind is large and therefore the simulated wind field can be regarded as fully correlated over a large distance in the plane orthogonal to the mean wind direction.
The computer signal to the wind generating propeller machine was a discretized simulated sample function of a stationary Gaussian process with auto-correlation
2 ], τ 0 = 10 sec. This signal process was restricted to take integer values in the range of 0 to 255 (8 bit) and was applied as a factor to the mean power input. The resulting upstream stationary Gaussian wind velocity process got a time scale (defined as the integral of its correlation function) of about 10 sec. The mean wind velocity was measured to 5.4 m/sec and the standard deviation to 0.7 m/sec, corresponding to a simulated natural wind turbulence intensity of about 13%, Figure 3 .
The experimental setup described above is a modification of an experimental setup with a shorter cylinder such that its ends were inside but close to the wind tunnel wall (Christensen 1997) . It turned out that this setup caused a formation of a cross current in the wake of the cylinder resulting in a drag force on the fixed cylinder of about 80% of the drag force in a plane current. Due to this all measurements were repeated with a cylinder having its ends outside the tunnel as shown in Fig. 1 . However, the general behavior of the vibration response remained unchanged except for some moderate changes of the parameter values of the formulated stochastic model . 
Random lock-in intervals
The wind tunnel test data show that the lock-in interval depends on whether the velocity U increases or decreases when it approaches the critical wind velocity U cr . The resonance response within a lock-in interval can as an approximation be idealized a harmonic oscillation with the natural frequency f i . The experimental investigations reported herein focus on lock-in at the lowest natural frequency attempting to have a clear separation between the lower and the upper lock-in interval. The amplitude function A(t) of time t after lock-in start is modeled to be of the form as the amplitude of a single degree of freedom linear oscillator subjected to a harmonic excitation force of frequency f = f 1 . The amplitude function A(t) is then in which T is the random duration of the lock-in period, that is, the time from an incrossing to the next outcrossing of the lock-in interval by the wind velocity U . The time shift t 1 > 0 is introduced to take into account that the lock-in vibration does not necessary start from rest. The asymptotic amplitude A ∞ and the logarithmic decrements δ + and δ − are random variables that may have different conditional probability distributions dependent on the type of lock-in interval.
Next section clarifies the extend of the necessary probabilistic information about the introduced random variables in order to be able to evaluate the expected value of the fatigue damage accumulated during a single lock-in period.
Stochastic model process of lock-in vibrations
The stochastic model process of lock-in vibrations is defined recursively as follows. The process is governed by random level crossings of the velocity process U as follows. After termination of a period of lock-in at an upcrossing of a level of type B ↑ or B ↑ , say, a new level of type B ↓ to start the next period of lock-in is independently generated from the distribution of B ↓ . ThereafterB ↑ and A ↓ are generated from the conditional distributions ofB ↑ and A ↓ given B ↓ . In case the maximal wind velocity U max after the opcrossing of level B ↑ is smaller than B ↓ as generated, B ↓ is replaced by U max (a purely pragmatic rule that rarely will become active and therefore only contributes with an insignificant error in the accumulated damage).
After the next downcrossing of the obtained level of type B ↓ it depends on the further development of U whether the lock-in period will terminate by an upcrossing of the obtained level of typeB ↑ or by a downcrossing of the obtained level of type A ↓ . In the first case the situation is as before. In the last case a new level of type A ↑ to start the next period of lock-in is independently generated from the distribution of A ↑ . In case the minimal wind velocity U min after the downcrossing of level A ↓ is larger than A ↑ as generated, A ↑ is replaced by U min .
ThereafterÃ ↓ and B ↑ are generated from the conditional distributions ofÃ ↓ and B ↑ given A ↑ . After the upcrossing of the level A ↑ it depends on the further development of U whether the lock-in period will terminate by a downcrossing of the generated levelÃ ↓ or by an upcrossing of the generated level B ↑ . In the first case the situation is as above after the downcrossing of level A ↓ and in the last case the situation is as at the beginning of this description and thus the sequence of the lock-in intervals proceeds recursively as explained above. Independently for each lock-in interval, realizations of the corresponding random variables A ∞ , δ + , δ − are generated. This completely defines the model process of lock-in vibrations as a random operator on the wind velocity process, Fig. 6 .
A statistical test applied to the data obtained in the wind tunnel shows that there is no significant difference between the distributions ofÃ ↓ and A ↓ , and between the distributions ofB ↑ and B ↑ . If the wind process U is assumed to be stationary and ergodic, a practical way to evaluate the expected accumulated damage is to run computer simulations of realizations of this model process and calculate the damage according to the formulas given in Section 7. Results for a non-ergodic stationary or quasi-stationary wind velocity process are next obtained by weighted integration over the relevant parameter domain.
Experimental data for the lock-in intervals
The lock-in intervals for the wind velocity have been determined on the basis of the variation of the cylinder vibration amplitude. The interval limits A ↑ , B ↓ are defined as the wind velocities observed at the time points where the amplitude starts to increase. The corresponding limits B ↑ , A ↓ orÃ ↓ ,B ↑ are defined as the wind velocities observed at the time points where the amplitude starts to decrease again. For automatic recording of start and stop of lock-in this definition is replaced by an operable definition with a suitable filtering effect as follows: Both the velocity signal and the amplitude signal is low pass filtered with frequency cut off at about 14 Hz. The data are sampled from these filtered signals at a frequency of 200 Hz and recording of the oscillation amplitude is made at all displacement extremes occurring about a little more than 4 times per second. The wind velocities are recorded as average values over disjoint consecutive intervals each containing 50 sampled values implying that also the wind velocity is recorded 4 times per second. Lock-in starts/stops at any time point at which the filtered amplitude is minimum/maximum in the sense that the amplitude is larger/smaller at 8 successive registration time points to each side of the considered time point. The vertical lines in Fig. 3 are generated according to this definition.
An alternative interpretation method would be to check when the vortex shedding frequency coincides with the natural frequency of the system. However, the first method is prefered in this investigation because the measured amplitude represents the response of the lift force average over the entire length of the cylinder. The second method solely uses the measured pressures at a single or some few positions along the cylinder. When the lock-in interval limits are defined from the response amplitude variation by the first method as described above, the duration of the lock-in period will be smaller than what is obtained from observing the coincidence of the vortex shedding frequency with the eigenfrequency. This is because rather than reaching a constant level the amplitude reaches a maximum followed by a decrease still within the interval of coinciding frequencies, Fig. 7 . This decrease of the response amplitude after passing a maximum is explained by a variation of the phase shift between the displacement and the vortex lift force during the period of lock-in. The effect on the fatigue damage accumulation is compensated by the second part of the oscillation model in (1).
In the following diagrams the wind velocities are represented in dimensionless form as factors to the critical wind velocity v cr = Df 1 /S, where the Strouhal number is measured to 0.18, Fig. 7 . In the distribution function diagrams the symbols µ, σ, and n stand for mean value, standard deviation, and sample size, respectively. The experiments were made for five different structural damping ratios. The structural damping is expressed by the logarithmic decrement δ s . The influence of the structural damping is shown in Fig. 8 in which the lock-in interval bounds are given in the dimensionless form of the wind velocities. In the mean the bounds steaply decrease from a constant level to a lower constant level over a narrow interval of increasing structural damping. The standard deviations are approximately independent of the structeral damping. 
where δ s is the structural damping (logarithmic decrement). The standard deviations can be modeled to be independent of the structural damping. Given the structural damping, each of the empirical distribution functions turn out to fit reasonably well to a normal distribution. By subtracting the mean 
, one for each damping ratio, are plotted together with their respective point by point 99% confidence interval bounds, it turns out that it is not possible to draw straight lines within the intersection of all the confidence interval bounds, Fig 10. However, considering that the 99% confidence interval jointly for all five independent regressions is wider than for each single regression it may not be unreasonable as done herein to adopt regression models that are independent of the structural damping. The parameters of the models are given in Fig 10. The scatter plots of the pairs (A ↑ , R ↑ ) and (B ↓ , R ↓ ) where 
their empirical distribution functions show that it is not in significant conflict with the data to adopt the binormal distribution model for all pairs, Fig. 9 . This is in spite of the fact that this model implies that there is a positive probability that
However, for the normal distributions fitted to the given data the probabilities of these events turn out small and therefore without practical importance. Furthermore, the distributions for R ↓ seem independent of the structural damping contrary to what is the case for the mean of B ↓ . The residuals for the five cases have therefore been pooled together.
Oscillations during and after lock-in
Registration of the oscillation amplitude A(T ) is made by direct reading from the graphical displacement record. An example of subdivision of the sample record into the lock-in intervals and the intervals without lock-in is shown in Fig. 3 . The logarithmic decrements δ + and δ − are calculated from the recorded acceleration signal. According to (1) this gives a triple of observations (A ∞ , δ + , δ − ) for each lock-in interval. From scatter plots of each of the pairs (A ∞ , δ + , ), (A ∞ , δ − ) and (δ + , δ − ) it can be inferred that it is necessary to model a dependency between A ∞ and δ + while all other dependencies can be neglected. This is consistent with the fact that the stationary displacement response of a damped linear single degree of freedom oscillator subjected to a harmonic excitation with a frequency equal to the natural frequency of the oscillator has the property that the amplitude is inversely proportional to the logarithmic decrement. However, a scatter plot of (A ∞ , A ∞ δ + ) reveals that A ∞ and A ∞ δ + can be modeled to be independent. After analysis of the data for the systems with different structural damping and for each type of lock-in interval it is concluded that the type of lock-in interval has so small influence that it is sufficient solely to make a classification of the data with respect to the structural damping. The relations between log δ + , log δ − , log A ∞ , log(A ∞ δ + ) and the structural damping are plotted in Fig. 11 . It is seen that the observed logarithmic decrement δ + increases for increasing structural damping. This behavior may not be physically genuine. When the wind velocity is close to the lock-in limit a synchronization of the vortex shedding frequency to the natural frequency of the cylinder can occur at some location along the cylinder. For small structural damping this causes an initial slow growth of the amplitude resulting in a too early registration of lock-in. The slow initial amplitude growth within the observed lock-in interval then gives a too small estimate of the logarithmic decrement δ + as defined by the model (1). For large structural damping this sensitivity may be less pronounced. 
where the mean values are estimated as the local sample averages. Straight lines correspond to the normal distribution.
The empirical distributions of δ + , A ∞ , and A ∞ δ + are reasonably well fitted by lognormal distributions. The mean values depend on the structural damping as can be seen from Fig. 11 (top) while the coefficients of variation are almost independent of the structural damping as can be seen from Fig. 11 (bottom) . Fig. 12 shows the pooled empirical distribution functions of the logarithms of these three quantities. The pooling is made by first taking the logarithms of the data and subtracting the average of the sample of these logarithms for each of the structural damping cases. Thereafter the the five reduced samples are joined in a single pool.
The logarithmic decrement δ − has a more complicated distribution. The distribution of log δ − can be modeled as a mixture of two normal distributions. The five parameters of mean and standard deviation for the two distributions and the mixing probability have been estimated by the method of maximum likelihood. The estimates are shown in Fig. 13 (top left) . The empirical distribution functions and the estimated mixed distribution functions are shown in Fig. 13 for the five structural damping levels.
The observed phenomenon of mixing of two populations may possibly come from the replacement of the occurrence time of the less observable termination of frequency lock-in with the occurrence time of the more easily observable start of amplitude decrease.
When judging the applicability of the formulated vibration model it should be kept in mind that the estimation of the mean fatigue damage per time unit is robust with respect to the choice of the distribution models. This remark apply also with respect to the distribution modeling of the lock-in interval variables in the previous section. The damage accumulation model is introduced in the next section.
Damage accumulation in a lock-in event
Assuming that the fatigue damage accumulates according to Palmgren-Miner's rule where the stress range is raised to the power m, the resonance vibration defined by (1) contributes to the damage by
If m is an integer this formula reduces to
where the last expression is obtained by integration upon using the binomial expansion. The proportionality factor indicated implicitly by using ∝ is the product of the constant from the Palmgren-Miner rule and the mth power of the product of D and the influence factor that transforms displacement into the relevant hot spot stress. Under the assumption that the duration T of lock-in and the parameters A ∞ , δ + , and δ − are stochastically independent, the expectation of the damage becomes
8 Simulated expected damage per time unit Using (6) and the stochastic lock-in vibration process model formulated in the previous sections on the basis of the wind tunnel experiments it is now straight-forward to simulate the mean damage rate as function of the long term mean wind velocity with given turbulence intensity. To evaluate the terms in (6) that depend on the lock-in duration T , a specific wind velocity process must be inferred from representative wind velocity measurements such that a wind velocity sample function can be simulated.
As an example it is assumed here that the wind velocity process is a stationary Gaussian process with a constant turbulence intensity
2 ] with τ 0 = 10 sec. The time length of the simulated wind velocity function is chosen to 450 τ 0 corresponding to 75 minutes of stationary wind. It is assumed that the lock-in limitsÃ ↓ andB ↑ are stochastically independent of A ↑ and B ↓ , respectively, and that their distribution functions are identical to the distributions of A ↑ and B ↓ , respectively. The linear regressions from Fig. 10 are used and the random residuals generated from the distributions in Fig. 9 (bottom) are added. The structural damping is put to 2% and the parameters in the distributions of the independent random variables δ + , A ∞ δ + , and δ − are obtained from Fig. 11 and Fig. 13 .
The mean damage rate obtained from this velocity process may in this way be estimated by simulation as a function of the mean wind velocity µ. The result is presented in Fig. 14. The variation of the mean damage rate with µ reflects the varying degree of overlapping of the range of the velocity process with the lock-in intervals. For practical use the shown lognormal curve gives a reasonably good description of the damage rate variation. The skewness to the right of the simulated damage rate is a consequence of the assumed constant turbulence intensity, that is, the assumed proportionality between the standard deviation and the mean wind velocity.
A damage function as exemplified in Fig. 14 can in principle be simulated for any wind exposed tubular structural element that can be judged to be representatively modeled in accordance with the experimental set-up used in this investigation. The proportionality factor between the amplitude and the corresponding stresses at a hot spot in the structure can be obtained by structural mechanics analysis. Given this proportionality factor, the total mean damage rate at the considered hot spot can then be evaluated by weighting the values of the damage function with the probability density of the mean wind velocity µ (often assumed of Weibull type) followed by integration with respect to µ over all possible wind velocity states.
Conclusions
1. An elastically suspended rigid cylinder of 20 cm diameter has in a small wind tunnel been subjected to artificially generated natural wind of turbulence degree about 13 %. The experiment was made with the purpose of revealing the quantitative probabilistic properties of the vibration response under statistically stationary wind.
2. By an automatic procedure a record is obtained of the successive wind velocity intervals within which there is frequency lock-in of the vortex shedding frequency to the lowest eigenfrequency of the elastic system. The statistical analysis of the observed data for the interval limits and the interval widths reveal that it is sufficient for practical purposes to adopt a simple Markovian type model for the generation of the sequence of lock-in intervals in dependence of any specific velocity realization upstreams to the cylinder, Section 4.
3. In this lock-in interval model the lower/upper interval limit for upcrossing/ downcrossing wind velocity has normal distribution, Figs. 8, 9, and the conditional expectation of the interval width given the lower/upper interval limit is linearly dependent of the relevant interval limit with normally distributed residual (truncated at zero to avoid the very minute positive probability of getting geometric inconsitency), Figs. 9, 10. 6. The parameters of the distributions of δ + , A ∞ δ + , and δ − depend on the structural damping as shown in Fig. 11 and Fig. 13 (top).
7. The formulated stochastic model allows a simple procedure for simulating the development of the accumulated damage according to Miner's rule at a stress "hot spot" of a tubular structure, given that the vibrating tube is subjected to a given realization of the upwind velocity. Assuming quasi stationary turbulent wind, a single sufficiently long simulated realization of a wind velocity sample can be used to obtain an estimate of the mean accumulated damage per time unit. Having obtained the mean damage rate E[damage | µ ] as a function of the mean wind velocity µ, Fig. 14 , the actual mean damage rate E[damage ] at a specific geographic location can be obtained as the expection of E[damage | µ ] with respect to the local distribution of µ (usually assumed to be of Weibull type).
8. Wind tunnel measurements have been made on the same cylinder but without the leading plates at the cylinder ends. Therefore the flow around the cylinder was not plane in these earlier measurements. However, comparison of the results show that the general properties of the formulated stochastic are not affected by this (Christensen 1997) . Quantitatively there are some differences between the results, but for the intended purpose of evaluating accumulated damage these differences are not important considering that fatigue life time predictions are rather uncertain in general. Of the same reason the model can be defended as an applicable tool for real tubular structures.
